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In the present manuscript, a planar layer of the cholesteric liquid crystal, based on the 
photosensitive chiral dopant 2-(4'-phenylbenzylidene)-p-menthane-3-one dissolved in the 
nematic host E7, under the alternating electric field was explored. Due to the decrease in a ratio 
between the LC cell thickness d and the cholesteric helical pitch P, different types of undulation 
instabilities, observed under the alternating electrical field, were switched by UV exposure. In 
particular, the influence of UV exposure and the value of the azimuthal anchoring energy on 
electro- and photoswitching of undulation instabilities (Helfrich-Hurault effect) was considered. 
The change in the ratio d/P was realized owing to the unwinding of the photosensitive 
cholesteric helix during UV exposure in the LC cell with a fixed thickness d. Sequential 
transitions of types of the undulation instabilities from 2D to two 1D undulation structures (1D|| 
and 1D┴) were achieved. The undulation structure 1D|| with a controlled period of a grating in 
alternating electric field was examined. Dependencies of jumps of the period and the diffraction 
efficiency of a photosensitive cholesteric grating on the anchoring energy of alignment layers 
were analyzed. 
The base for this manuscript was laid down by the studies carried out in the article by B. Senyuk 
et. al. “Elecrtically-controlled two-dimensional gratings based on layers undulations in 
cholesteric liquid crystals” Liquid Crystals IX, edited by Iam-Choon Khoo, Proceedings of 
SPIE Vol. 5936(SPIE, Bellingham, WA, 2005). 
Keywords: cholesteric liquid crystals; photosensitive chiral dopant; undulation instabilities; 
anchoring energy; cholesteric diffraction gratings.  
Introduction 
Cholesteric liquid crystals (CLCs), due to their periodic helical structure, can selectively 
reflect light (the so-called phenomenon of the selective reflection or Bragg diffraction at 
the maximum wavelength λmax = ñ·P, where ñ and P are the average refractivity index 
and of the cholesteric helical pitch, respectively). Bragg diffraction is observed for the 
planar texture of cholesteric layers, where the helical axis is perpendicular to the plane 
of the LC cell. [1,2] When the helical axis is parallel to substrates of the LC cell, the 
homeotropic texture of CLCs (or the so-called “fingerprint” nonuniform texture) can be 
obtained on a condition that the chiral torque is strong enough with respect to the elastic 
torque determined by the orientational elasticity and anchoring. [1-3] It is well known 
that a helix pitch P can be sensitive to various external fields (such as temperature, [4,5] 
electric [6-10] and magnetic [11,12] fields and light. [13-21] Due to the variation of the 
structural periodicity of CLCs, both planar and homeotropic textures give a chance for 
different optical and electro-optical applications, as for instance, light modulators, [22-
24] reflectors, [25] optical data storage [26] and displays. [27,28] 
In the last decade, a great deal of attention has been given to the study and 
application of the homeotropic texture of CLCs, controlled by both electric field and 
light. [9,14-17,19-21,29-39] 
In the case of the uniform “fingerprint” texture [3,29-39], cholesteric diffraction 
gratings of the Raman-Nath type can be observed on a condition when the ratio λ·d/Λ2 
<< 1 (where, λ is the light wavelength of the incident beam, d and Λ is the thickness and 
period of a grating, respectively). [40-42] It is known that the application of the 
alternating electric field, which is parallel to the helical axis of the planar texture of 
CLCs, gives rise to the formation of highly uniform structures (Helfrich-Hurault effect 
or the so-called undulation instabilities). [12,43,44] In addition, it should be emphasized 
that diffraction gratings of the Raman-Nath type were recently obtained for liquid 
crystal bubbles in the alternating electric field, by using the homeotropically alignment 
of CLCs, based on a nematic host with negative dielectric anisotropy (Δε < 0). [24,45]  
As was early mentioned [29], the varying uniform of the cholesteric periodicity 
can get complicated due to surface alignment problems. [30,31] For the strong surface 
anchoring energy W, when voltage U across the LC cell reaches some threshold value 
Uth, the cholesteric layers reorient parallel to the external field and undergo the 
sinusoidal periodic tilt. Such periodic deformation, when the cholesteric layers and the 
helical axis are tilted from their original orientation, was described in [43] by using 
angle ψ and the increment of tilt. Due to the competition between the free molecular 
rotation (the effect of “permeation” [44]) and the surface anchoring energy W, the 
maximal value of tilt is observed in the middle of the LC cell while minimal tilt is at the 
surface of substrates. [43,44] On the basis of the formation of undulation instabilities (or 
undulation structures), two types of periodic one-dimensional (1D) structures were 
classified: (a) the so-called developable-modulation (DM) and (b) growing-modulation 
(GM), depending on the ratio between the thickness d of the LC cell and cholesteric 
helical pitch P. [29,38,46] It was shown that for the ratio range 0.5 < d/P < 1 the DM 
type of the cholesteric grating is formed with periodic one-dimensional structures, 
which are perpendicular to the rubbing direction (1D┴), and their contrast increases with 
time. For the ratio 1.5 ≤ d/P < 2.5 two types of patterns (DM and GM) are formed 
simultaneously, but the GM type dominates as shown in. [29-31,38,46] The GM type of 
patterns is one-dimensional structures, which are parallel to the rubbing direction (1D║). 
The usage of the modulated periodic undulation structure for switchable cholesteric 
gratings of the Raman-Nath type [40-42] with the electrically controlled period of stripe 
patterns, the dynamics of the pattern formation and the beam-steering characteristics of 
diffraction gratings were described in. [29,46,38] Recently, photo-switchable cholesteric 
gratings without applied electric field was studied in. [35] 
It was also shown that when the electric field, thermal treatment or mechanical 
deformation was applied to a planar layer of CLC with Δε > 0, then regions with two-
dimensional periodic structures (the so-called square grid of lines, 2D undulation 
structure) appeared. [47] It was seen that 2D undulation structure consists of two 1D 
(1D║ and 1D┴) structures. According to theory [43], 2D undulation structure has 
perpendicular wave vectors, and they are independent of each other even when they 
have a small period. It was found that 2D undulation structure can appear in case of a 
large value of the ratio d/P > 3. [43,47] Recently, 2D undulation structure in the LC cell 
with finite surface anchoring energy by using fluorescence confocal polarizing 
microscope (FCPM) were assiduously studied. [48] The main diffraction features of the 
electro-switchable 2D grating based on the appearance of the Helfrich-Hurault effect 
[30,31] and bubbles [24] were considered.  
In this manuscript, the idea was to create electro- and photocontrolled diffraction 
gratings due to sequential transitions between 2D and two 1D (1D║ and 1D┴) undulation 
structure, and it was achieved by using the photosensitive CLC layers of the fixed 
thickness d. The main characteristics of the two- and one-dimensional undulation 
structure for alignment films with various values of anchoring energy were studied. This 
work can serve as a model for the further usage of the photoreversible chiral dopants, as 
studied in, [13-17] having good spectral features (i.e. when absorption spectra of 
photoisomers are within various wavelength range). The findings described in this 
manuscript can be practically applied in optics to create 2D and 1D diffraction gratings 
with a fixed thickness d of the cholesteric layer, i.e. all in one, that has been proposed 
here for the first time. 
Experiment 
To study an electrically switchable photosensitive cholesteric, the chiral nematic 
mixture with a long helical pitch was prepared. 
As a photosensitive chiral dopant (ChD), the chemical compound 2-(4'-
phenylbenzylidene)-p-menthane-3-one (PBM) synthesized and studied by L. Kutulya 
(Institute of Single Crystals of NAS of Ukraine), was used. [49,50]  
Phototransformation of the PBM molecules is shown in Figure 1. UV spectra of 
trans- (or E-) and cis- (or Z-) isomers absorb in the wavelength range 227 ÷ 416 nm, as 
was early studied in. [50] Maximum absorbance of E- and Z-isomers is at the 
wavelength 298.5 and 285.7 nm, respectively. Due to a small shift of the absorption 
spectra of the isomers during UV exposure, a reversible photochemical reaction of the 
PBM molecules takes place but kinetically the rate of the E → Z process is about 1.5 ÷ 
2.2 times greater than that for Z → E. It can be roughly assumed that during UV 
exposure of the liquid crystalline mixture with PBM molecules by using a UV lamp 
with max = 365 nm the process of E → Z (or the so-called trans-cis-photoisomerisation) 
will occur. Quantum yields of photoisomerisation of PBM molecules, for instance in n-
octane, [50] are shown in Figure 1. Owing to the small quantum yield of Z → E in the 
liquid crystal matrix [50] and strong coincidence of the absorption spectra of Z and E 
isomers, it can be concluded that predominantly the non-reversible Z → E process takes 
place, as was recently considered in. [20,35] 
 
 
Figure 1. Reversible phototransformation of PBM molecules during UV irradiation in n-
octane. 
 
To prepare the left-handed CLC, the nematic liquid crystal E7, obtained by 
Licrystal, Merck (Darmstadt, Germany) was doped with a ChD PBM with concentration 
C ~ 1 wt.-%. The optical and dielectrical anisotropy of the nematic E7 at T = 20 
oC, λ = 
589.3 nm, and f = 1kHz are Δn = 0.225 (ne = 1.7472, no = 1.5217) and Δε = +13.8, 
respectively. Splay, twist and bend elastic constants of nematic E7 are K11 = 11.7 pN, 
K22 = 6.8 pN, K33 = 17.8 pN, respectively. [51-53] 
To measure cholesteric pitch P, the well-known Grandjean-Cano method with 
the preparing of the wedge-like LC cell was used. [54,55] The cholesteric helical pitch 
was about 4 µm.  
 To obtain the planar alignment of the nematic liquid crystal E7 and CLC on his 
base, both the polyimide PI2555 (HD MicroSystems, USA) and 2-% DMF solution of 
oxidianiline-polyimide (ODAPI) (Kapton synthesized by I. Gerus, Institute of Bio-
organic Chemistry and Petrochemistry, NAS of Ukraine) were used. The polyimide 
PI2555 and ODAPI films were deposited on glass substrates by the spin-coating method 
(6000 rpm, 30 s). The polyimide PI2555 films (reference substrates) were annealed at 
180
o
 C for 30 min, while ODAPI films (tested substrates) were annealed at 190
o
 C for 
90 min. To obtain the CLC planar alignment, the ODAPI films were also spin-coated on 
indium-tin oxide (ITO)-coated glass substrates, which were prepared in V. Ye. 
Lashkaryov Institute of Semiconductor Physics NAS of Ukraine, with further etched 
ITO. Thereafter thin polyimide films were unidirectionally rubbed. 
 In order to get alignment ODAPI layers having various values of anchoring 
energy W, a different number of times of unidirectional rubbings Nrubb were made. To 
measure the anchoring energy the idea of the combined twist LC cell was used. [56] The 
twist LC cell consists, on the one hand, of the tested plate, coated by the ODAPI film 
with different Nrubb =1 ÷ 25 and the pressure of rubbing about 2100 N/m
2
, and, on the 
other hand, of the reference plate, coated by polyimide PI2555 having strong anchoring 
energy W = (4 ± 1)×10
-4
 J/m
2
 for Nrubb = 7 ÷ 15 with the pressure of rubbing in range 
800 ÷ 850 N/m
2
, as was recently shown in. [30,48,57] The easy axis of the tested (the 
rubbing ODAPI film with different Nrubb) and reference (rubbing polyimide PI2555 with 
Nrubb = 10) substrates is given by the directions of rubbing on the one hand, a 45
o
 angle 
to the selected side of the tested substrate and on the other hand, along the selected side 
of the reference substrate. In this case the angle φ0 between the easy axis of the 
reference and the tested substrate was 45 degree. The thickness d of the plane-parallel 
twist LC cells was around 20.2 µm. The LC cells were filled with the nematic liquid 
crystal E7 in the isotropic phase (Tiso = 59.8 
o
C) [51] and slowly cooled to the room 
temperature to avoid the possible flow alignment. 
 To study the influence of UV exposure on the unwinding of the cholesteric pitch 
P, the wedge-like LC cells, assembled with a pair of substrates having the same Nrubb, 
were used. The thickness Δd of the wedge-like LC cells were in range 20.5 ± 0.3 µm. 
 The plane-parallel symmetrical LC cells with the unidirectionally rubbed 
ODAPI films were assembled using two substrates, which have the opposite rubbing on 
both aligning surfaces. All LC cells were assembled with a thickness set by Mylar 
spacers and controlled by the interference method measuring the transmission spectrum 
of the empty cell. Thicknesses of LC cells were in range d = 20.5 ± 0.3 µm. 
To avoid various defects for a planar cholesteric structure the LC cell was filled 
with the chiral nematic mixture in the isotropic phase and slowly (~ 0.1
o
 C/min) cooled 
as described elsewhere. [30]  
In order to avoid the edge effect during the formation of undulation structure of 
CLC under the AC field (the appearance of oil streaks through the LC cell) the glass 
substrates with ITO films were etched with the square area approximately 5×5 mm
2
, as 
it was recently shown in. [30,56] 
 To form undulation structure in the planar CLC an AC voltage (frequency f = 10 
kHz) was applied across the sample by using a frequency generator GZ-109 (Pskov 
Region, Russia).  
The 2D and 1D undulation structures formed in the AC field were viewed 
through a polarising microscope BioLar (PZO, Warszawa, Poland) equipped with a 
digital camera Nikon D80 (Japan). 
 The illumination of LC cell with the chiral mixture was carried out by a UV 
lamp (max = 365 nm) with its total power about 6 W.  
 To measure the twist angle φ and the intensity Im of diffraction orders (m = 0, ± 
1, ± 2,…) the output monochromatic linear-polarized light (TEM00) with λ = 632.8 nm 
and its power about 1.5 mW from He-Ne laser LGN-207a (Lviv, Ukraine) and a silicon 
photodiode (PD) FD-18K (Kyiv, Ukraine) with the spectral range 470 ÷ 1100 nm and 
maximal sensitivity in range 850 ÷ 920 nm were used. PD was connected to the 
oscilloscope Hewlett Packard 54602B 150MHz (USA). 
Results and discussion 
3.1. Measurement of the azimuthal anchoring energy W of ODAPI films with 
different Nrubb 
First of all, the dependence of the azimuthal anchoring energy W of ODAPI films on a 
different number of times of the rubbing Nrubb was examined.  
An experimental setup for the measurement of the twist angle φ of the combined 
twist LC cells is shown in Figure 2 (a). The LC cells were placed between a pair of 
parallel polarizes (i.e. the polarization plane of polarizer (P) and analyzer (A) 
coincides), as shown in Figure 2 (a). The rubbing direction of the reference PI2555 
substrate coincided with the polarization plane of a pair of polarizers, while the rubbing 
direction of the tested ODAPI substrate was at an angle φ0 = 45
o
 to the polarization 
plane of P and A. It is seen that the linear-polarized incident beam passes from He-Ne 
laser through P and the LC cell toward A and further to the photodetector PD. In the 
twist LC cell the beam PE

 is rotated at a certain twist angle φ, which depends on 
anchoring energy W of the test substrate. [56] Behind the LC cell the rotated beam LCPE

 
propagates toward the analyzer A, as can be seen in Figure 2 (a). Due to the different 
orientation of the polarization plane between the rotated beam 
LC
PE

 (after it passed 
through the twist LC cell) and the polarization plane of the analyzer (A), a certain part 
LC
AE

 of the beam 
LC
PE

will reach the photodetector PD. In order to measure a value of 
the twist angle φ, depending on anchoring energy W [56] (or Nrubb) of the tested ODAPI 
film, the analyzer A was clockwise rotated through some angle φ′ to obtain the minimal 
intensity (i.e. I → Imin) of the incident beam on PD connected to the oscilloscope. In this 
case the value of the angle φ′I→Imin is the real twist angle φ between the easy axis of the 
reference and tested substrates with rubbed PI2555 and ODAPI layers for certain 
experimental conditions. 
 
 Figure 2. (a) Schema of the measurement of the twist angle φ of the combined twist LC 
cell, assembled with the reference PI2555 (Nrubb = 10) and tested ODAPI substrates. (b) 
Photographs of the laser beam passing through the twist LC cell consisting of the 
reference PI2555 and tested ODAPI (Nrubb = 10) substrates placed between a pair of 
polarizers with a different angle of the plane polarization: (i) φ′ = 90o, (ii) φ′ = 44o and 
(iii) φ′ = 0o. (c) Photographs of two twist LC cells, placed between a pair of polarizers 
with a different angle of the plane polarization: (iv) φ′ = 0o; (v) φ′ = 35o; (vi) φ′ = 44o 
and (viii) φ′ = 90o. Cell 1 consists of the tested substrate having anchoring energy W = 
1.3×10
-4
 J/m
2
. Cell 2 consists of the tested substrate having anchoring energy W = 
11×10
-6
 J/m
2
. The thickness of the twisted LC cells was d = 20.2 µm. 
 
 
In Figure 2 (b) photographs of the intensity of the beam 
LC
AE

, passing through 
the LC cell (for instance, strong anchoring energy W = 1.3×10
-4
 J/m
2
) placed between a 
pair of polarizers are shown. For different angles of the polarization plane between P 
and A, namely φ′ = 90, 44 and 0 degree, the LC cell is shown at photographs (i), (ii) and 
(iii), respectively. It is easily seen that when the analyzer is rotated on an angle of 44 
degree the intensity of the laser beam is minimum Imin (the small spot of the laser beam 
after passing through the LC cell, placed between a pair of polarizers, is observed). 
In Figure 2 (c) photographs (iv), (v), (vi) and (vii) show two twist combined LC 
cells, assembled with the tested substrate, having both strong anchoring energy W = 
1.3×10
-4
 J/m
2
 (cell 1) and weak anchoring energy W = 11×10
-6
 J/m
2
 (cell 2). At 
photographs the analyzer A was rotated through the fixed angle φ′ = 0, 35, 44 and 90 
degree. It is seen that light is not transmitted through the combined twist LC cell in two 
cases. Firstly, the LC cell 2 (see photograph (v)), having the tested substrate possessing 
weak anchoring energy W = 11×10
-6
 J/m
2
 (Nrubb = 1), and the angle between the 
polarizers is about 35 degree, does not transmit light (the black zone), while the LC cell 
1 partially transmits light (the grey zone). Secondly, the LC cell 1 (see photograph (vi)), 
consisting of the tested substrate having strong anchoring energy W = 1.3×10
-4
 J/m
2
 
(Nrubb = 10), and the angle between the polarizers is about 44 degree (no light is 
transmitted through the LC cell 1 (the black zone)), and vice versa the LC cell 2 
partially transmits light (the grey zone).  
For three different samples, the dependence of the twist angle φ on the number 
of rubbings Nrubb is shown in Figure 3(a). The average value of the twist angle <φ> as a 
function of the Nrubb is shown by diamond symbols (to ease, symbols were connected by 
the solid line). The maximal twist angle <φ> ≈ 44o was observed for Nrubb = 10 and 15, 
as can be seen from Figure 3(a). 
 
 
Figure 3. Dependencies of the twist angle φ of different samples and their average twist 
angle <φ> (a) and calculated azimuthal anchoring energy W for the average twist angle 
<φ> (b) on Nrubb for the twist LC cells (d = 20.2 µm). LC cells were constructed from 
the reference substrate with rubbed PI2555 (Nrubb = 10) and the tested substrate with 
ODAPI film, which is rubbed with different Nrubb = 1 ÷ 25. 
 
 
According to [56,59,60] the twist angle φ is related to the azimuthal anchoring 
energy W as:  
 



 

sin
)sin( 2
 · K  22
d
W    (1), 
 
where d is the thickness of the LC cell, φ0 = 45
o
 is the angle between the easy axis of the 
reference and tested substrate with rubbed PI2555 and ODAPI layer, respectively and φ 
is the measured twist angle. 
 The dependence of the calculated azimuthal anchoring energy W on different 
Nrubb of the tested ODAPI layer, by using Equation (1), is shown in Figure 3(b) for the 
average value of the twist angle <φ>. For these experimental conditions, values of 
anchoring energy W at different Nrubb and pressure 2100 N/m
2
 are also listed in Table 1. 
Table 1. Calculated azimuthal anchoring energy W and average twist angle <φ> for 
different number of times of the rubbing Nrubb 
 
Number of times of the 
rubbing Nrubb  
Average twist angle  
<φ> (degree) 
Azimuthal anchoring 
energy  
W (J/m
2
) 
1 35.1 11×10
-6
 
5 38.5 17×10
-6
 
10 44 1.3×10
-4
 
15 43.9 1.2×10
-4
 
20 40.5 27×10
-6
 
25 38.6 18×10
-6
 
 
3.2. Unwinding of the helix of the photosensitive CLC under UV exposure of different 
LC cells with alignment ODAPI films having certain value of anchoring energy 
At the beginning, the changes in the length of the cholesteric pitch P during UV 
exposure of the wedge-like LC cells were studied. After each procedure of UV exposure 
(at the certain exposure time tirr) the cholesteric pitch P was calculated by using the 
well-known equation: [54,55] 
 
GCN/2 dP       (2), 
 
where Δd and NGC is the thickness of the wedge-like LC cell and number of Grandjaen-
Cano stripes, respectively.  
The dependence of the cholesteric pitch P, calculated by Equation (2), on UV 
exposure for ODAPI films possessing various values of anchoring energy W (or Nrubb) 
are shown in Figure 4. Owing to trans-cis photoisomerisation of PBM molecules during 
UV exposure of CLC, the increase in the concentration of the cis-isomer leads to the 
decrease in the helical twisting power (β or HTP) of the cholesteric mixture. [50] It is 
well known that the chiral power β and the cholesteric pitch P are related by the 
equation β = (C × P)-1. [1,2]  
 
 
Figure 4. Dependence of the cholesteric pitch P on the exposure time tirr in the wedge-
like LC cells consisting of ODAPI films possessing various values of anchoring energy 
W: (solid squares, curve 1) – 11×10-6 J/m2 (Nrubb = 1), Δd = 20.2 µm; (solid circles, 
curve 2) – 17×10-6 J/m2 (Nrubb = 5), Δd = 20.8 µm; (solid triangles, curve 3) – 1.3×10
-4
 
J/m
2
 (Nrubb = 10), Δd = 20.8 µm; (solid diamonds, curve 3) – 1.2×10
-4
 J/m
2
 (Nrubb = 15), 
Δd = 20.5 µm; (solid pentagons, curve 2) – 27×10-6 J/m2 (Nrubb = 20), Δd = 20.4 µm; 
and (solid hexagons, curve 2) – 18×10-6 J/m2 (Nrubb = 25), Δd = 20.2 µm. 
 
As can be seen from Figure 4, during UV exposure of the chiral mixture the 
cholesteric helical pitch P is increased. Due attention should be given to the fact that for 
different wedge-like LC cells, which are distinguished by substrates possessing certain 
value of anchoring energy W (or Nrubb), temporal dependences of the pitch P during UV 
exposure differ from one another. It is easily seen that the increase in anchoring energy 
W leads to the decreasing changes in the pitch P with the exposure time tirr (or, in other 
words, the unwinding speed of the cholesteric helix is decreased). When anchoring 
energy W is moderately different (for instance, curve 2: W = 17, 27 and 18×10
-6
 J/m
2
 at 
Nrubb = 5, 20 and 25, respectively or curve 3: W = 1.3 and 1.2×10
-4
 J/m
2
 at Nrubb = 10 
and 15, respectively), the unwinding speeds of the cholesteric helixes are about the 
same. In the case of the weak anchoring energy W = 11×10
-6
 J/m
2
 (at Nrubb = 1), the 
change in the helix pitch P with the exposure time tirr is maximal (Figure 4, curve 1). It 
is obvious that under certain experimental conditions (namely, during the same 
exposure time tirr), substrates having strong anchoring energy W can heavily hold in 
place without the unwinding of the cholesteric helix, though UV exposed, than for 
substrates possessing weak anchoring energy W. As can be seen form Figure 4, with 
prolonged UV irradiation, when the concentration of the cis-isomer of the PBM 
molecules is increased (i.e. β is reduced), the difference between the unwinding speeds 
of the cholesteric helix for the weak and strong anchoring energy is strongly distinct. 
3.3. Photoswitching of undulation structure for different LC cells with alignment 
ODAPI films having various values of anchoring energy 
It is well known that the appearance of undulation structure depends on the ratio 
between the thickness d of the LC cell and the cholesteric pitch P. [3,14,30,43,44,48] 
To study the photoswitching of undulation structure from 2D to 1D the CLC 
with the initial cholesteric pitch P ≈ 4 µm before UV irradiation was taken. The 
thickness of the LC cells was in range of d = 20.5 ± 0.3 µm. At the beginning, the ratios 
between the thickness of the LC cell and the cholesteric pitch were in range d/P ~ 5 ÷ 
5.2. For these ratios d/P the LC cells with uniform planar cholesteric textures without 
any defects were observed. With an AC electric field the liquid crystal molecules are 
oriented along the applied field. At a certain threshold of voltage Uth, due to the 
competition between the dielectric and surface energies, 2D undulations are detected.  
As was mentioned above, owing to the phototransformation of the PBM 
molecules (Figure 1), the cholesteric pitch P is increased during UV exposure of the LC 
cell. The change in the cholesteric pitch P for the fixed thickness of the LC cell d leads 
to the decrease in the ratio d/P. The dependences of the ratio d/P on the exposure time 
tirr for different LC cells, consisting of substrates having certain value anchoring energy 
W, are shown in Figure 5. By taking into account small variations of the thickness d, it 
can be concluded that the dependence d/P(tirr) is not identical for the LC cells, which are 
different by anchoring energy W (or Nrubb) of ODAPI films. As can be seen from the 
inset in Figure 5, dependencies of the ratio d/P(tirr) presented on a logarithmic scale are 
essentially distinct. It is seen that for the weak anchoring energy W (curve 1 or curve 2) 
the stable existence of undulation structure is observed during shorter UV exposure and 
vice versa in the case of the strong anchoring (curve 3). 
Figure 5 shows ranges of the appearance and the stable existence of different 
undulation structures at the certain ratio d/P, having come about through UV exposure 
of the sample. For instance, under certain experimental conditions stable 2D undulation 
structure is observed within the range of ratios ~5.2 ÷ 3.6, while stable parallel 1D║ and 
orthogonal 1D┴ undulation structure to the rubbing direction are within the ratio range 
~3.5 ÷ 1.2 and ~1.1 ÷ 0.4, respectively.  
 
 
Figure 5. Dependence of the ratio d/P on the exposure time tirr in the plane-parallel 
symmetrical LC cells consisting of ODAPI films possessing various values of anchoring 
energy W: (open squares, curve 1) – 11×10-6 J/m2 (Nrubb = 1), d = 20.2 µm; (open 
circles, curve 2) – 17×10-6 J/m2 (Nrubb = 5), d = 20.5 µm; (open triangles, curve 3) – 
1.3×10
-4
 J/m
2
 (Nrubb = 10), d = 20.7 µm; (open diamonds, curve 3) – 1.2×10
-4
 J/m
2
 (Nrubb 
= 15), d = 20.3 µm; (open pentagons, curve 2) – 27×10-6 J/m2 (Nrubb = 20), d = 20.3 µm; 
and (open hexagons, curve 2) – 18×10-6 J/m2 (Nrubb = 25), d = 20.3 µm. The inset 
depicts the dependence of d/P(tirr) in a logarithmic scale. 
 
Owing to the unwinding of the helix of the photosensitive cholesteric layer with 
a constant thickness d, the changes in the ratio of d/P during UV exposure were 
realized. The fact that the ratio d/P is controlled by UV radiation can be useful for the 
formation of 2D and 1D undulation structures and their transitions (or, in other words, 
the so-called photoswitching) in the electric field. Furthermore, depending on the 
exposure time tirr for 1D undulations, formed by the AC electric field, either orthogonal 
(┴) or parallel (║) orientation with respect to the rubbing direction of alignment films 
can be observed. As a result, photoswitching between 1D║ and 1D┴ (or a 90 degree 
rotation of 1D║ undulation structure) is achieved. In Figures 6 (a), (b) and (c), 
sequential appearances of different types of undulation structure, formed in the AC 
electric field after a certain exposure time tirr of the LC cell with a fixed thickness d = 
20.7 µm, are shown. As an example, the diffraction patterns for 2D and two 1D (1D║ 
and 1D┴) undulation structures are shown in Figures 6 (d), (e) and (f), respectively. 
 
 
Figure 6. Photographs of undulation structure formed in the AC electric field (f = 10 
kHz) at the threshold voltage Uth and exposure time tirr: (a) 2D structure with period of 
grating Λ = 13 µm at tirr = 1 min, d/P ≈ 4.4 and Uth = 5.7 V; (b) 1D║ structure with 
period of grating Λ = 13.5 µm at tirr = 4 min, d/P ≈ 2.5 and Uth = 4.2 V; and (c) 1D┴ 
structure with period of grating Λ = 29.5 µm at tirr = 11 min, d/P ≈ 0.9 and Uth = 2.4 V. 
Photographs of the diffraction pattern for: (d) 2D, (e) 1D║ and (f) 1D┴ undulation 
structure. The distance between the LC cell and viewing screen of the diffraction pattern 
was about 16 cm. The LC cell consists of a pair of substrates with ODAPI films having 
strong anchoring energy W = 1.3×10
-4
 J/m
2
 (Nrubb = 10). The thickness of the plane-
parallel symmetrical LC cell was 20.7 µm. 
 
For alignment ODAPI films possessing various values of anchoring energy W, 
the dependence of the period  of undulation structure (in other words, the period of 
grating) on the exposure time tirr is presented in Figure 7. After each UV exposure, the 
unwinding of the cholesteric helix leads to the increase in the period Λ of undulation 
structure, formed in the LC cell under the alternating electric field application. In Figure 
7 each point corresponds to period of grating (or Λ) under certain experimental 
conditions, namely: a certain exposure time tirr and threshold voltage Uth, which 
corresponds to the value of voltage when undulation structure are appearing. 
It is seen that both for weak W = 11×10
-6
 J/m
2
 (Figure 7 (a)) and strong 
anchoring energy W = 1.3×10
-4
 J/m
2
 (Figure 7 (b)), there are always three different 
branches of the dependence period of grating Λ on the exposure time tirr, that 
correspond to different undulation structure. Each branch concerns a certain range of 
ratios d/P as shown in Figure 5. During UV exposure of the LC cell the increase in 
period of grating is observed, as can be seen from Figure 7. In the case of 2D structures, 
period of grating increases under not a long exposure time tirr. For both perpendicular 
and parallel directions regarding the rubbing direction of ODAPI films, period of 
grating changes uniformly in magnitude, though the difference between period of 
grating in two orthogonal directions can be less than 1 %, as was recently measured by 
using FCPM. [31]  
 
 
Figure 7. Dependence of period of grating Λ on the exposure time tirr for the plan-
parallel LC cells, assembled with a pair of substances with ODAPI films possessing: (a) 
weak W = 11×10
-6
 J/m
2
 (Nrubb = 1) and (b) strong anchoring energy W = 1.3×10
-4
 J/m
2
 
(Nrubb = 10). Thicknesses of the LC cells were: (a) - 20.2 and 20.3 μm and (b) - 20.7 and 
20.5 μm (solid and open symbols, respectively). Dashed circles show the undulation 
structure transitions: state A - 2D → 1D║ and state B - 1D║ → 1D┴, where 2D 
undulation structure – square symbols, 1D║ undulation structure – circle symbols and 
1D┴ undulation structure – triangle symbols. 
 
It should be noted that there are two states when undulation structure transitions 
occur. For state A the transition between 2D and 1D║ structures is observed. For state B 
the transition between 1D║ and 1D┴ structures takes place. In Figure 7 dashed circles 
show these states. In transition points, which correspond to a certain exposure time tirr 
and threshold voltage Uth, 2D and 1D║ structures are unstable with time. As can be seen 
from Figure 7, for both states the jumps of period of grating under certain conditions (tirr 
and Uth) are observed. However, for 2D → 1D║ structure transition, the jump of period 
of grating occurs by the decrease in the period of grating magnitude. It should be noted 
that after transition 2D → 1D║ the magnitude of period of grating is roughly equal to 
the magnitude of period of grating (2D structure) before UV exposure, as can be seen 
from Figure 7. However, in the case of 1D║ → 1D┴ transition the jump with the 
increase in period of grating is observed. 
For substrates with ODAPI films, possessing strong anchoring energy W = 
1.3×10
-4
 J/m
2
 (Nrubb = 10), the change in period of grating with the exposure time tirr is 
less than for substrates having weak anchoring energy W = 11×10
-6
 J/m
2
 (Nrubb = 1), as 
it can be easily seen from the tilt angle of each branch, by comparing Figure 7 (a) and 
Figure 7 (b). Inasmuch as HTP of ChD PBM with the UV exposure time changes alike 
in CLC, but the helix pitch unwinds in a different way for various values of W (Figure 
4), then it is obviously that the reason for the different tilt angles of dependences Λ(tirr) 
may be in various values of anchoring energy W of rubbed ODAPI layers. As can be 
seen from Figure 7, after each UV exposure, in the alternating electric field, the 
formation of undulation structure with large period of grating is observed for ODAPI 
films having weak anchoring energy (Figure 7 (a)).  
The change of period of grating Λ with the exposure time tirr is a non-linear 
dependence for each type of undulation structure. It is in good agreement with results 
obtained during studies of the cholesteric mixture [14] and polymer cholesteric grating 
during UV exposure. [33] As an example, let us consider in detail the dependence Λ(tirr) 
for each type of undulation structure, which are shown in Figure 8. Two LC cells were 
assembled using a pair of substrates having strong anchoring energy (W = 1.2×10
-4
 J/m
2
, 
Nrubb = 15). For both cells the thickness of CLC layers was 20.3 μm (open and solid 
symbols). As can be seen from Figure 8, owing to trans-cis photoisomerisation of the 
dopant PBM (Figure 1), the unwinding of the helical structure leads to the increase in 
period of grating, which can be approximated by a certain exponential curve y(x) ~ y0 + 
A(1 - e
-x/B
), where A and B are some fitting constants. 
 
 Figure 8. Dependence of period of grating Λ on the exposure time tirr for undulation 
structure: (a) 2D, (b) 1D║ and (c) 1D┴. The LC cells consist of two substrates having 
strong anchoring energy W = 1.2×10
-4
 J/m
2
 (Nrubb = 15). Thicknesses of LC cells (open 
and solid symbols) were 20.3 μm. Dashed lines are exponential curves with some 
constants A and B. 
 
As was mentioned above, under certain experimental conditions (for a fixed 
exposure time tirr and a certain value of the threshold voltage Uth) the appearance of 
undulation structure is observed. Mainly, it depends on the threshold voltage Uth. The 
undulation structure type strongly depends on the ratio value of d/P, usually changed by 
using different thickness of the LC cell at the fixed cholesteric helical pitch P. 
[30,31,37,47,48] As it was realized in, [24,33,45] here, the ratio d/P was also changed, 
owing to the unwinding of the cholesteric helix, during UV exposure of the LC cell with 
a fixed thickness d. It was experimentally found that after each sequential UV exposure 
the appearance of undulation structure is observed at a smaller threshold voltage Uth. 
The unwinding of the cholesteric helix leads to the decrease in the threshold voltage Uth. 
The dependence of the threshold voltage Uth on the various values of ratio d/P is a linear 
function, as can be seen from Figure 9.  
 
 Figure 9. Dependence of the threshold voltage Uth on the ratio d/P for a range of weak 
anchoring energy W ~ (11 ÷ 27)×10
-6
 J/m
2
 (curve 1: solid squares, circles, pentagons, 
and hexagons) and strong anchoring energy W ~ (1.2 ÷ 1.3)×10
-4
 J/m
2
 (curve 2: solid 
diamonds and triangles). 
 
In the case of weak anchoring energy W (dashed line 1) of the alignment film 
there is a need to apply lower magnitude of the threshold voltage Uth to observe the 
appearance of undulation structure (or, in other words, the deformation of cholesteric 
layers) and vice versa: for alignment film possessing strong anchoring energy W 
(dashed line 2), there is need to use higher magnitude of Uth to deform the cholesteric. 
3.4. Jumps of period of grating of 1D║ structure in AC electric field for different LC 
cells with alignment ODAPI films having a certain value of anchoring energy 
This section is dedicated to the jumps of period of grating in the case of the appearance 
of 1D║ structures with alternating electric field for alignment ODAPI films having 
various values of anchoring energy W as it was previously studied in. [61] However, it 
should be noted that the dependence of period of grating Λ on the applied voltage for 
2D undulation structure for various cholesteric mixtures were in detail observed in. 
[30,31]  
As was mentioned above, before application of the electric field to a thin 
cholesteric layer, UV exposure of a photosensitive helix leads to the decrease in the 
ratio d/P. It is a reason for changes in the undulation structure type in consecutive order 
2D → 1D║ and 1D║ → 1D┴ with the applied voltage U. It is well known [30,31,38,46] 
that period of grating can be switched by the electric field when 1D║ structure is 
observed and ratio is d/P > 1.5, while for 1D┴ structure (d/P < 1), changes in contrast of 
a diffraction pattern and no switching of period of grating with the applied voltage U 
can be observed. 
After a certain fixed exposure time tirr (for instance, 2, 4 and 6 min), in the case 
of ratio d/P > 1.2, when 1D║ structure is appeared with voltage Uth (for example, as 
shown in Figure 8 (b)), period of grating is switched by the electric field as shown for 
20.3 μm LC cell, assembled with a pair of substrates having weak anchoring energy W 
= 11×10
-6
 J/m
2
 (at Nrubb = 1) (Figure 10 (a) – (c)). For each exposure time tirr = 2, 4 and 
6 min the ratio of d/P is about 3.5 (Figure 10 (a)), 2.6 (Figure 10 (b)) and 1.3 (Figure 10 
(c)), respectively and jumps of period of grating of undulation structure in the 
alternating electric field with frequency f = 10 kHz are observed.  
To compare the influence of anchoring energy W on jumps of period of grating, 
Figures 10 (d) - (f) show the dependence of period of grating of 1D┴ structure on 
voltage U after the exposure time tirr = 3, 4 and 8 min (d/P = 3.2, 2.5 and 1.3, 
respectively) for a LC cell consisting of substrates having W = 1.3×10
-4
 J/m
2
 (Nrubb = 
10) and thickness d = 20.7 μm. It should be noted that ratios of d/P for different LC 
cells, assembled with a pair of substances possessing various values of anchoring 
energy W are about the same. As was recently theoretically and experimentally shown 
in [5,7,11,61,62] hysteresis of period of grating can be observed when voltage U is 
changed in the opposite direction, however, Figure 10 illustrates jumps of period of 
grating only under the increased voltage. As can be seen in Figure 10, when the ratio 
d/P is reduced, then the appearance of undulation structure is observed at lower voltage. 
It is easily seen that for tirr = 2 min, d/P = 3.5 the appearance of undulation structure is 
observed at Uth = 4.1 V (Figure 10 (a)), while for tirr = 4 and 6 min, when d/P = 2.6 and 
1.3, undulations were observed at Uth = 3.4 and 2.3 V, (Figure 10 (b) and Figure 10 (c), 
respectively). This regularity is also observed for substrates with various anchoring 
energy W (at a different Nrubb), as can be seen from Figure 10.  
 
 Figure 10. Dependence of period of grating Λ of 1D║ structure on the applied voltage U 
after different exposure times tirr for the LC cell, assembled with a pair of substrates 
possessing anchoring energy W: (a), (b) and (c) - 11×10
-6
 J/m
2
 (Nrubb = 1) and (d), (e) 
and (f) - 1.3×10
-4
 J/m
2
 (Nrubb = 10). Jumps of period of grating for 20.3 μm LC cell, 
when anchoring energy of substrates was W = 11×10
-6
 J/m
2
, after different exposure 
times tirr: (a) - 2 min, when the ratio d/P = 3.5, initial cholesteric pitch P0 and period of 
grating Λ0 are 5.8 and 14 μm, respectively; (b) - 4 min, when the ratio d/P = 2.6, initial 
cholesteric pitch P0 and period of grating Λ0 are 7.8 and 17 μm, respectively; (c) - 6 
min, when the ratio d/P = 1.3, P0 = 15.5 μm and Λ0 = 20 μm. The threshold voltage 
U
i
Ch-N of Ch → N transition is: (a) 5.5 V, (b) 5 V and (c) 4.3 V. The tilt angle α of a 
single domain for different exposure times tirr: (a) 39.2
o
, (b) 32.9
o
 and (c) 23.2
o
. Jumps 
of period of grating for 20.7 μm LC cell consisting of a pair of substrates having strong 
anchoring energy W = 1.3×10
-4
 J/m
2
 (Nrubb = 10), after different exposure times tirr: (d) - 
3 min, when the ratio d/P = 3.3, initial cholesteric pitch P0 and period of grating Λ0 are 
6.2 and 12.5 μm, respectively; (e) - 4 min, when the ratio d/P = 2.5, P0 = 8.2 μm and Λ0 
= 13.5 μm; (f) - 8 min, when the ratio d/P = 1.3, P0 = 16.4 μm and Λ0 = 16.2 μm. The 
threshold voltage U
i
Ch-N of Ch → N transition is: (d) 7.2 V, (b) 6.7 V and (c) 6.1 V. The 
tilt angle α of a single domain for different exposure times tirr: (a) 18.4
o
, (b) 13
o
 and (c) 
8.5
o
. 
 
With increase in voltage U, jumps of period of grating will be observed and no 
cholesteric - nematic (Ch → N) transition is occurring. As can be seen in Figure 10 (a), 
(b) and (c), values of the threshold voltage of Ch → N transition UiCh-N = 5.5, 5 and 4.3 
V (where i = 1, 2 and 3, respectively) depend on exposure times tirr = 2, 4 and 6 min. It 
is seen that the decrease in ratio d/P (or, in other words, increase in the cholesteric pitch 
P owing to photoisomerisation of PBM molecules) causes the decrease in UCh-N.  
The value of period of grating Λ is a bit changing forming a single domain, over 
a small range of voltage U, and further the change in voltage leads to the jump of period 
of grating, as was recently shown in. [61] However, there is a certain distinction in 
behavior of a single domain in the case of a different exposure time tirr of a 
photosensitive cholesteric, namely for a LC cell, assembled with a pair of substrates 
possessing a certain value of anchoring energy W, the line segment of a single domain is 
inclined with respect to the voltage axis on a certain fixed angle αi (where i = 1, 2, 3), as 
shown in Figure 10. Here, depending on the duration of UV exposure (tirr) the value of a 
tilt angle of a single domain is changing as α1 > α2 > α3, respectively (see Figure 10 (a), 
Figure 10 (b) and Figure 10 (c)). As was recently shown in [61], the tilt angel of a single 
domain depends on the value of anchoring energy W of substrates.  
In this work it was also found that the value of the tilt angle α also depends on 
the exposure time tirr at fixed anchoring energy W, as shown in Figure 11. If anchoring 
energy W is strong (for example, at Nrubb = 10, W = 1.3×10
-4
 J/m
2), then the tilt angle αi 
(where i = 1, 2, 3,…) is less than αi in the case of weak anchoring energy W (for 
example, at Nrubb = 1, 5 and 25 from the Table 1 the anchoring energy is W = 11×10
-6
, 
17×10
-6
 and 18×10
-6
 J/m
2
, respectively), as can be seen in Figure 11. The increase in the 
cholesteric pitch P (or, in other words, the decrease in the helical twisting power β due 
to trans-cis photoisomerisation of chiral molecules PBM) leads to the decrease in the 
contribution of chirality under a competition between anchoring energy W and chiral 
power β. As a result, molecules of the liquid crystal interact more strongly with the 
surface of alignment layers of the LC cell, and the tilt angle α is decreasing.  
 
Figure 11. Dependence of the tilt angle of a single domain α on the exposure time tirr, 
when the threshold voltage Uth were applied to the LC cells, assembled with a pair of 
substrates possessing various values of anchoring energy W: 11×10
-6
 J/m
2
 (square 
symbols, line 1), 17×10
-6
 J/m
2
 (solid circles, line 2), 18×10
-6
 J/m
2
 (solid diamonds, line 
3) and 1.3×10
-4
 J/m
2
 (solid triangles, line 4). 
 
3.5. Diffraction efficiency of 1D║ cholesteric grating 
It is should be noted that the diffraction efficiency (DE) of different types of cholesteric 
gratings (2D and 1D) was in detail measured in. [29-31,37,46,63] This section will 
describe only 1D|| cholesteric diffraction grating with an electrically controlled period 
Λ, which is observed under conditions 1.2 ≤ d/P ≤ 3.5. 
 An experimental setup for the measurement of the intensity of the diffracted 
beam Im is shown in Figure 12. Output monochromatic linear-polarised light from He-
Ne laser illuminates the LC cell, where under alternating sinusoidal voltage, 1D|| 
undulation structure was formed. An iris diaphragm was placed behind the LC cell in 
order to select certain diffraction orders m. The total intensity I0 of the beam on PD was 
measured without applied voltage U = 0 V. The intensity of the diffracted order Im was 
measured under the condition of the applied voltage to the LC cell, and there is U ≥ Uth 
(where Uth is threshold voltage, when 1D|| undulation structure is appeared). 
 
 
Figure 12. Experimental setup for the observation of diffraction and measurement of the 
diffraction efficiency. The iris diaphragm can be moved to select the diffraction order 
(0, ±1, ± 2, etc.) 
 
 
For the normal incident beam, the directions (or angles) of the diffraction orders 
m = 0; ± 1; ± 2; etc., are: [40-42] 
 
)/arcsin(  mm    (3). 
  In Figure 13 the direction of the second diffraction maximum (angle θm, m = 2) 
as the function of the exposure time tirr for the LC cell consisting of a pair of substrates 
possessing a certain value of anchoring energy W is shown. The increase in the 
exposure time tirr causes the increase in period of grating Λ, owing to trans-cis 
photoisomerisation of PBM molecules, and the decrease in the diffraction angle θm (for 
instance m = 2) is observed. As can be seen from Figure 13, the speed of the decrease in 
the diffraction angle θm is more for LC cells, assembled with a pair of substrates having 
weak anchoring energy, than in the case of strong anchoring energy W. 
 
 
Figure 13. Dependence of the direction of the 2
nd
 diffraction maximum (diffraction 
angle θm, m = 2) on the exposure time tirr of the LC cell, assembled with a pair of 
substrates having anchoring energy W: (curve 1, open squares) – 11×10-6 J/m2 (Nrubb = 
1); (curve 2, open diamonds) – 1.2×10-4 J/m2 (Nrubb = 15) and (curve 3, open pentagons) 
– 27×10-6 J/m2 (Nrubb = 20). The thickness of the LC cells was d = 20.2 µm (curve 1) 
and d = 20.3 µm (curve 2 and curve 3). 
 
 
As can be seen from Figure 10, the increase in the applied voltage U gives rise to 
the increase in period of grating Λ of 1D|| undulation structure. In this case, as can be 
seen from Figure 14, the decrease in the angles θm (for instance m = ± 2) of diffraction 
orders is observed. As in the case of the jump-wise changing of period of grating under 
an applied voltage U to the LC cell (Figure 10), the calculated, by using Equation (3), 
angle of diffraction θm (m = ± 2) also changes by jumps as shown in Figure 14, by using 
symbols (open and solid squares, circles and triangles). The dependencies of the 
calculated and measured (by using diffraction pattern (solid and open stars)) angles of 
diffraction θm (m = ± 2) on the applied voltage U for different LC cells assembled with a 
pair of ODAPI substrates having weak anchoring energy W = 11×10
-6
 J/m
2
 (Nrubb = 1) 
and strong W = 1.3×10
-4
 J/m
2
 (Nrubb = 10) at a certain fixed exposure time tirr (curves 1, 
2 and 3) are shown in Figure 14 (a) and Figure 14 (b), respectively. 
 
 
Figure 14. Dependence of the diffraction angle θm (m = ± 2) on the applied voltage U 
after different exposure times tirr for the LC cell, assembled with substrates having: (a) 
weak anchoring energy W = 11×10
-6
 J/m
2
 (Nrubb = 1) and (b) strong W = 1.3×10
-4
 J/m
2
 
(Nrubb = 10). (a) Jumps of the calculated diffraction angle θm for 20.3 μm LC cell, when 
anchoring energy of substrates was W = 11×10
-6
 J/m
2
, after different exposure times tirr: 
(curve 1, solid squares) - 2 min, when the ratio d/P = 3.5, initial cholesteric pitch P0 and 
period of grating Λ0 are 5.8 and 14 μm, respectively; (curve 2, solid circles) - 4 min, 
when the ratio d/P = 2.6, initial cholesteric pitch P0 and period of grating Λ0 are 7.8 and 
17 μm, respectively; (curve 3, solid triangles) - 6 min, when the ratio d/P = 1.3, P0 = 
15.5 μm and Λ0 = 20 μm. (b) Jumps of the calculated diffraction angle θm for 20.7 μm 
LC cell consisting of substrates having strong anchoring energy W = 1.3×10
-4
 J/m
2
, after 
different exposure times tirr: (curve 1, open squares) - 3 min, when the ratio d/P = 3.3, 
initial cholesteric pitch P0 and period of grating Λ0 are 6.2 and 12.5 μm, respectively; 
(curve 2, open circles) - 4 min, when the ratio d/P = 2.5, P0 = 8.2 μm and Λ0 = 13.5 μm; 
(curve 3, open triangles) - 8 min, when the ratio d/P = 1.3, P0 = 16.4 μm and Λ0 = 16.2 
μm. The measured diffraction angle θm from the diffraction pattern of the LC cell with: 
(a) weak anchoring energy W = 11×10
-6
 J/m
2
 (solid stars) and (b) strong anchoring 
energy W = 1.3×10
-4
 J/m
2
 (open stars). 
 
The diffraction efficiency (DE) was calculated with the intensity Im of diffracted 
order m and the total intensity I0, by using equation: [40,41] 
 
     
0
m
m
I
UI
U
)(
)(      (4). 
 
The DE of 1D|| grating (for diffraction orders m = 0, 1, 2) as the function of 
voltage U applied to the LC cell with a pair of substrates having weak (open symbols) 
and strong (solid symbols) anchoring energy W is shown in Figure 15, when cholesteric 
mixtures were UV illuminated during the same exposure, for instance tirr = 4 min.  
The rise of the voltage U results in the decrease in DE of 0 - order and the 
diffracted intensity for 1 - order is increasing. As can be seen from Figure 15, the values 
of DE depend on voltage U. The range of the controlling voltage U is large for the LC 
cell consisting of a pair of substrates having strong anchoring energy W and vice versa. 
 
 
Figure 15. Diffraction efficiency of 1D|| grating (0 -, 1 -, and 2 - orders) as the function 
of the applied voltage U. The LC cells were assembled with a pair of substrates 
possessing various values of anchoring energy: (open symbols) – weak W = 11×10-6 
J/m
2
 (Nrubb = 1) and (solid symbols) – strong W = 1.3×10
-4
 J/m
2
 (Nrubb = 10). The 
thickness of the LC cell was d = 20.3 μm (open symbols) and 20.7 μm (solid symbols). 
The cholesteric mixture was illuminated during tirr = 4 min. Symbols represent 
experimental data, and curves are the simulation results. 
 
By comparing values of DE ηm from Figure 15 measured in, [24,29,33,63,64] it 
can be concluded that results are very similar, though obtained values of DE are a little 
lower. It is obviously that one possible reason for lower values ηm is that the appearance 
of light scattering around diffraction orders (the so-called arc-shaped diffraction orders) 
[29] is observed on the defects of 1D|| undulation structure during the increase in voltage 
U. 
Conclusions 
In this work the processes of electro- and photoswitching of undulation structure, that 
can be useful for a creation of cholesteric gratings, were studied. The influence of 
anchoring energy W (or Nrubb), the exposure time tirr and voltage of the applied field U 
on main features of diffraction gratings were investigated. It was shown that due to the 
usage of photosensitive CLC, the changing ratio d/P during UV exposure (for the LC 
cell with a fixed thickness d) leads to sequential transitions of 2D, 1D║ and 1D┴ 
undulation structure. In addition, it was shown that due to trans-cis photoisomerisation 
of PBM molecules during UV exposure, the various initial period of grating Λ, 
appearing in the alternating electric field, could be obtained. Depending on the value of 
anchoring energy W (Nrubb), period of grating Λ can be changed by jumps, when 1D║ 
cholesteric grating is formed under the applied to the LC cell voltage. Detail studies of 
characteristics of the CLC grating, namely the diffraction angle θm and DE ηm of 1D║ 
undulation structure as an electro- and photocontrolled diffraction grating, were carried 
out. However, as it was experimentally obtained, DE ηm is less than for the CLC grating 
studied in. [29-31,38,46] Although the photosensitive ChD, used in this manuscript, has 
two isomers with similar spectral characteristics, [49,50] here the main goal was to 
demonstrate the possible usage of the photosensitive CLC with the variable helix pitch 
P for electro- and photoswitchable diffraction gratings and their switching between 2D 
and 1D (1D║ and 1D┴) types for the LC cell with a fixed thickness d. In the case of the 
usage of photoreversible ChDs with absorption spectra of their isomers in different 
wavelength ranges, for instance as was described in, [13-17] the reversible 
photoswitching between undulation structures (or, in other words, the type of 
cholesteric gratings) could be used for different optical applications. 
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